A nterior exposure of the cervical spine has been performed safely and effectively for decades. First described by Smith, Robinson, and Cloward in 1958, 12,59 this approach to the intervertebral discs allowed for treatment of both central and neuroforaminal disease in the cervical spine. This technique has been refined, and by using the natural fascial planes in the neck a safe and effective exposure can be achieved in an expedient manner. While routine, this approach to the spine is not without risk. Vocal cord paralysis is a known complication caused by damage to the recurrent laryngeal nerve. 11 The common carotid artery and internal jugular vein require mobilization and retraction during this approach and, while infrequent, can be damaged, requiring repair and resulting in possible neurovascular sequelae.
67% for this transient complaint. 6, 7, 24 A more feared complication is violation and perforation of the esophageal tissue itself. This can cause dysphagia, local soft-tissue infection, and deep infection with hardware failure, pseudarthrosis, osteomyelitis/discitis, sepsis, and-in the worst cases-infectious mediastinitis and death. 43 The incidence of these complications ranges from 0.02% to 1.52%, and is higher when the initial spinal injury is associated with trauma. 1, 3, 13, 22, 44, 51, 68 Published reports of esophageal perforation are mostly in the form of case reports and small series, with no systematic reviews of the literature. Our goal is to define the rate of esophageal perforation during the anterior approach to the cervical spine, as well as expected patient presentations, causes of the perforation, types and number of repairs needed, and patient outcomes, including the inability to receive oral intake. This systematic review will help define some of these parameters.
Methods

Study Selection
A PubMed search that adhered to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) was performed for all articles containing the terms "anterior cervical spine surgery" AND "esophageal," "esophagus," "complications," "esophageal injury," "dysphagia," or "esophageal perforation." For this study, articles were limited to those written in the English language where humans were defined as the subjects. The initial inclusion criteria mainly focused on patients who underwent anterior cervical spine surgery and suffered esophageal perforation directly related to surgical intervention. Patients with injury to the pharynx or hypopharynx were excluded. The anatomical definition of "esophagus" used in this review was listed according to descriptions provided per the individual reporting articles. Additionally, reports in which trauma was thought to be the cause of esophageal perforation were excluded. Case reports and series (detailing 1 or more specific patient symptoms, signs, diagnoses, treatment, and follow-up), retrospective studies (detailing more than 2 cases in a less specific and more data-based manner), and prospective analyses (following, analyzing, and documenting patients over time) were included, while editorials and commentaries were excluded. Two authors reviewed the articles, and a single screener decided which articles to include or exclude, while discrepancies or indecisions were resolved via discussion with the other authors. Individual study bias was mitigated by reviewing and confirming the appropriate indicated sources. The bibliographies of the relevant studies were manually searched to identify any additional studies. A search was also conducted on other online databases, including Google Scholar and MEDLINE, using the same criteria. Studies were limited to those published over the past 35 years (January 1, 1980, through December 7, 2015) . All duplicate articles, abstracts, review articles, and letters to the editor were excluded. [1] [2] [3] [4] [5] 8, 10, [13] [14] [15] [16] [17] [18] [20] [21] [22] [23] [60] [61] [62] 64, 65, [67] [68] [69] [70] [71] [72] [73] [74] [75] Title and abstract review was performed once the initial list of studies was generated (Fig. 1) . The reviewers met prior to commencing study selection to ensure consistency in the application of the inclusion criteria. Studies were selected if they met the following 3 inclusion criteria: 1) the patient underwent anterior cervical spine surgery; 2) the patient was found to have an injury to the esophagus during or after surgery; and 3) the esophageal perforation was not present before anterior cervical spine surgery.
A full-text review was performed on all remaining studies following title and abstract review. Additional studies that did not meet the inclusion criteria were excluded. The last search was performed on December 7, 2015.
Data Extraction
The literature was carefully analyzed, and data were selected based on the patient population and demographics, indications for anterior cervical spine surgery, time to diagnosis, clinical manifestations of esophageal perforation, imaging modalities used, causes of perforation, repair of perforations, complications, and clinical outcomes. The reported outcomes were time to oral intake and persistent esophageal perforation requiring additional surgery.
It is noted that not all papers provided data or information on each subset of patients, so some comparative analysis is limited due to the nature of the data. Data for all patients were reported when available in the literature. Statistical analysis was not needed for this review.
Results
Study Selection
The initial PubMed search returned 2564 studies, and 8 additional studies were identified during the bibliography search of relevant studies. A title and abstract review excluded 2465 studies, leaving 107 studies for full-text review. Following full-text review, 65 articles and 153 patients were included in our study. A flowchart of the screening process is illustrated in Fig. 1 . There were 6 retrospective studies (1 of which was conducted using surveys) and 59 case reports and case series.
Demographics
The average age of our patient population (when reported in the literature) was 44.7 years (n = 120); 53.6% of all patients were male (n = 82).
Initial Anterior Cervical Spine Surgery
The indications for initial anterior cervical spine surgery were reported in 106 studies, with some patients having more than 1 indication. Trauma, including fracture and dislocation of the vertebrae, was the most common (n = 77), followed by cervical spondylomyelopathy (n = 15), herniated nucleus pulposus (n = 10), degenerative disc disease (n = 8), malignancy (n = 6) ankylosing spondylitis (n = 4), and tuberculosis of the spine (n = 2). Some patients had multiple indications for surgery (Supplemental Fig. 1 ). Additionally, C5-6 was the most commonly operated spinal level (n = 51), followed by C6-7 (n = 39) (Supplemental Fig. 2 ). Fifty-four patients underwent anterior cervical discectomy and fusion alone, while 35 received corpectomies.
Presenting Symptoms of Esophageal Perforation
Patients often presented with multiple complaints, and symptoms were reported in 117 patients. Most commonly, patients presented with dysphagia and odynophagia (n = 63), followed by fever (n = 24), neck swelling (n = 23), and wound leakage (n = 18) (Supplemental Table 1 ).
Causes of Esophageal Perforation
The etiology of esophageal perforation was specified and reported in 75 patients. The most common cause of esophageal perforation was "hardware failure," which was responsible for 41% of perforations (n = 31). The literature used this term to describe plate migration (n = 5), screw migration (n = 11), and loosened plates and/or screws (n = 18). Some of these occurred simultaneously. The next most common causes of perforation were chronic erosion by hardware (n = 23; 31%), intraoperative injury, including retraction and operative tools (n = 14; 19%), and graft extrusion and penetration (n = 5; 7%) (Supplemental Table 2 ).
Time to Diagnosis
The time to diagnosis is defined in the literature as the time from the initial anterior cervical spine surgery to the diagnosis of esophageal perforation. The average time to diagnosis in patients in whom this parameter was reported (121 patients) was 716.6 days, with a median of 44.5 days. The range for the time to diagnosis varied between 0 days (intraoperative injury) and 18 years.
Using an empirical cut-off value of 30 days-where fewer than 30 days is defined as early perforation and after 30 days is delayed perforation-we further stratified the time to diagnosis by the cause of esophageal perforation. Both of these results were reported in 70 patients: in this cohort, the average time to diagnosis was 983.5 days, with a median of 120 days. Thirty days was used to include the greatest number of intraoperative injuries in the "early" subgroup. The results of this stratification by time to diagnosis can be found in Fig. 2 .
Visualization and Imaging Modalities for Esophageal Perforation
Multiple imaging modalities were used to identify esophageal perforation, the most common of which was a modified contrast dye swallow study (n = 66). These included Gastrografin, methylene blue, and barium swallow studies. Additionally, CT scanning (n = 41), endoscopy (n = 34), plain radiography (n = 16), and MRI (n = 3) were also used (Supplemental Fig. 3) . 
Esophageal Repair
The methods of definitive esophageal repair varied and were performed mostly in conjunction with colleagues in otolaryngology or cardiothoracic surgery. The specifics of esophageal repair were reported in 96 patients: 55% (n = 53) of patients had esophageal perforations that were repaired with a muscle flap, most commonly using the sternocleidomastoid (SCM) muscle (n = 35); however, other muscle flaps were also used for repair, often in conjunction with others, including the radial forearm muscle (n = 4), pectoralis muscle (n = 4), omental flaps (n = 3), infrahyoid muscle (n = 2), omohyoid muscle (n = 2), latissimus dorsi (n = 1), longus colli (n = 1), and the jejunum (n = 1). Time to diagnosis did not affect the method of esophageal repair used.
Primary repair comprised 34% of repairs (n = 31), and conservative treatment without surgical intervention was used as the treatment in 11% of patients (n = 12). These results are summarized in Table 1 .
Microorganisms
Infection, abscesses, and microbacteria were occasionally cultured at the site of esophageal perforation (n = 38). The most commonly found microorganisms included coagulase-positive Staphylococcus species, including methicillin-resistant Staphylococcus aureus (n = 7), Candida species (n = 7), Pseudomonas species (n = 6), and Streptococcus species (n = 6) (Supplemental Table 3 ).
Complications
The incidence of secondary complications following esophageal repair in this study was 12.4% (n = 19). The most common complications were as follows: pneumonia (n = 6), mediastinitis (n = 4), osteomyelitis (n = 3), sepsis (n = 3), acute respiratory distress syndrome (n = 2), and recurrent laryngeal nerve damage (n = 1).
Outcomes
The outcomes measures in the literature were defined by the success of the repair and the time to oral intake following repair of the esophageal perforation. This was reported in 73 patients across 34 studies. The average time to oral intake is 30.2 days, with a median of 15 days (n = 73) and range of 4 to 188 days. Further stratification of the time to oral intake by type of esophageal repair performed demonstrated that primary closure (average 28.3 days) and the use of an SCM flap (average 27.3 days) were comparable, while conservative treatment was significantly longer (average 68 days). While patients were kept off oral intake, feeding tubes were used to provide nutrition. Nutrition was provided with the assistance of a nasogastric tube (n = 51) and/or gastrostomy or jejunostomy tubes (n = 23).
The type of feeding tube used did not demonstrate any significant impact on the time to oral intake. The average number of esophageal repair attempts per patient was 1.54 (n = 96). Sixty-three patients achieved closure after the first repair attempt, while 29 patients required 2 or more additional surgeries for esophageal repair before definitive closure was achieved. Of these, 21 patients achieved complete resolution of perforation only after the anterior hardware was removed. The remaining 8 patients healed without the need for the removal of anterior hardware. The mortality rate of esophageal perforation in this study was 3.92% (6 of 153 patients).
Discussion
Our goal was to define the rate of esophageal perforation during the anterior approach to the cervical spine, as well as expected patient presentations, causes of the perforation, type and number of repairs needed, and patient outcomes related to the inability to receive oral intake. The majority of patients reviewed underwent their initial anterior cervical operation because of trauma. Although iatrogenic intraoperative injury during the surgical approach was a common cause of esophageal perforation, this only represented 19% of the total perforations. Far more common was the chronic, erosive process caused by anterior instrumentation. This included failed hardware, as well as hardware that was prominent and causing mass effect and eventual erosion into the lumen of the esophagus. For this reason, health care providers must be vigilant about patients with dysphagia or odynophagia who have undergone a previous anterior cervical surgery. The average time to diagnosis was nearly 2 years, which is beyond the usual follow-up for a routine surgical patient. This poses an in- teresting problem, as many surgeons do not follow up with anterior cervical discectomy and fusion patients for longer than 1 year following surgery. This review sheds light on a serious complication that presents in a delayed fashion and should promote a dialogue between the surgeon and patient; having surgeons educate their patients, staff, and referring doctors about late complications would be beneficial to identifying symptoms early and preventing complications. The causes of secondary esophageal perforation have not been studied in depth. The traditional impediments to wound healing, including preexisting infection, poor nutritional state, systemic inflammatory disease, residual postoperative fluid collection, and mass effect from the foreign hardware, can all directly contribute to the slow, erosive process that occurs over a number of years. Additionally, certain factors associated with poor healing may also be categorized as risk factors for an increased likelihood of esophageal perforation, including previous history of surgery, radiation to the neck, and extensive tobacco use. 19 Once a perforation occurs, the chance of spontaneous healing is low unless the perforation is very small, as the hardware can become seeded with bacteria and poor nutritional status from dysphagia can contribute to a feedforward effect. With advances in metallurgy and implant design, several new "lower-profile" cervical plates, as well as "zero-profile" integrated implants, can reduce the mass effect upon the posterior esophagus. Further study is required to determine if this new technology can maintain an acceptable rate of fusion while minimizing rates of complications. It would be a worthwhile pursuit to explore creating a registry to identify if certain types of hardware are more frequently implicated in esophageal perforation.
When esophageal perforation does occur and reconstruction is required, the SCM flap is commonly used because of its anatomical convenience to the esophagus. The entire lateral and medial surface of the SCM muscle is exposed, while taking care to preserve the spinal accessory nerve. This portion of the SCM is used to create an inferiorly pedicled flap that is interposed between the esophagus and the spine. The distal end of the flap is tacked to the prevertebral tissue on the contralateral side to hold it in place during healing. 44 A small but appreciable percentage of patients did not undergo operative management of their esophageal injury and instead received conservative management (12 patients). Our review found that the patients who had conservative treatment were younger (8 of these 11 patients were 34 years old or younger; overall average age 37.3 years). One may speculate that given the younger age of these patients, their wound-healing capabilities are superior to those who are older and their wounds resolved without the need for sternocleidomastoid mobilization.
It was found that primary repair with an SCM flap was the most effective method of achieving definitive esophageal repair. However, a confounding factor that often presented with repeat surgery was that the removal of hardware likely played a more pivotal role in the ultimate esophageal repair. The etiology of the initial injury helped determine the optimal method of repair. In patients who had an intraoperative injury, primary repair was often effectively used to achieve definitive repair. This was likely used because intraoperative injuries tend to be smaller, and closure can be achieved with reapproximation and oversewing of the esophagus. In patients who presented in a delayed fashion, the SCM flap was most often used. When presenting in a delayed fashion, the damage to the esophagus would likely be more extensive and would therefore require a flap as a conduit for repair.
The average number of repairs required to repair the perforation was also noteworthy from our review. For some patients, a single repair will be ineffective, demonstrating the extensive morbidity associated with this feared complication. Additionally, the amount of time that patients were receiving nothing orally can be both physically and mentally demanding. Parenteral nutrition is not without risk, including catheter-related bloodstream infection and metabolic derangements. 66 This paper represents the first systematic review of the literature to examine esophageal perforation after anterior cervical spine surgery. The overall incidence is low, given the number of anterior procedures performed in a given year. This study cannot estimate the prevalence of perforations. When a perforation does occur, however, the consequences can be grave.
While informative, our study is not without limitations. The data collection was performed in a retrospective manner and is fraught with the limitations associated with that study design. Additionally, there is reporting bias, as not all cases of initial iatrogenic injury are reported and delayed perforation may not have been attributed to the surgery at diagnosis.
Conclusions
Esophageal perforation is an infrequent but serious complication of anterior cervical spinal surgery. Any patient with dysphagia after an anterior approach to the cervical spine, even years later, should receive thorough workup for a possible esophageal perforation. Further study is required to examine the future rate of chronic perforation, as new technology and lower-profile plates and screws could reduce the mass effect on the esophagus and decrease the rate of delayed perforation. Regardless, the chronic risks of this type of approach should continue to be disclosed to patients during the informed consent process before surgical intervention.
